Several psychiatric disorders involve abnormalities of interoception and associated neural circuitry centered on the insula. The development of interventions modulating interoceptive circuits could lead to novel treatment approaches for these disorders. The 5-HT3 receptor antagonist ondansetron is a good candidate for the modulation of interoceptive circuits, as 5-HT3 receptors are located abundantly on sensory pathways and ondansetron has shown some clinical utility in disorders characterized by sensory and interoceptive abnormalities. The present study tested the ability of three different doses of ondansetron to engage neural regions involved in interoception to determine the drug's utility as a therapeutic agent to target circuit abnormalities in patients. Fifty-three healthy subjects were randomized to receive a single 8-mg (n = 18), 16-mg (n = 17), or 24-mg (n = 18) dose of ondansetron and placebo before MRI scanning on separate days. Subjects performed an fMRI task previously shown to engage interoceptive circuitry in which they viewed videos depicting body movements/sensation and control videos. The results revealed a highly significant relationship between dosage and activation in bilateral insula, somatosensory and premotor regions, cingulate cortex, and temporal cortex for control but not body-focused videos. These effects were driven by a robust reduction in activation for ondansetron compared to placebo for the 24-mg group, with weaker effects for the 16-mg and 8-mg groups. In conclusion, highdose ondansetron reduces activation of several areas important for interoception, including insula and sensorimotor cortical regions. This study reveals the potential utility of this drug in modulating hyperactivity in these regions in patients.
INTRODUCTION
The process by which the nervous system detects, integrates, and interprets sensations arising from within the body is known as interoception [1] . Several functional magnetic resonance imaging (fMRI) studies have linked the detection of body sensation to activation of an "interoceptive network" involving the insula, somatosensory cortex (inferior parietal lobule, postcentral gyrus, and paracentral lobule), premotor regions (precentral gyrus and supplementary motor area), anterior cingulate cortex (ACC), and temporal cortex [2] [3] [4] [5] . Interoceptive awareness is associated with emotional functioning [6] , and alterations of interoception have been hypothesized to be contributing factors in multiple psychiatric disorders, including obsessive compulsive disorder (OCD) [7, 8] , Tourette's disorder (TD) [9, 10] , eating disorders [11] , anxiety and depression [12] , and addiction [13] . Many of these disorders exhibit abnormalities of interoceptive circuitry, particularly in the insula [7, [10] [11] [12] [13] . Given the wide relevance of interoceptive processes for several psychiatric disorders, there is an urgent need to develop treatments that target these processes either directly (e.g., through behavioral training [14] ) or indirectly by modulating brain activity in the relevant circuitry.
One potential agent that could be efficacious for the modulation of regions involved in interoception is the 5-HT3 receptor antagonist ondansetron, which is FDA-approved for the treatment of postoperative and chemotherapy-related nausea and vomiting in total daily doses typically ranging from 8 to 24 mg [15, 16] . A high density of central nervous system (CNS) 5-HT3 receptors are located in the dorsal horn of the spinal cord and brainstem areas, including trigeminal nucleus, the nucleus of the solitary tract (NTS), and area postrema [16] [17] [18] , regions that are involved in ascending circuits relaying visceral and somatosensory information to higher-order processing centers in the insula, somatosensory cortex, orbitofrontal cortex, and ACC [19] [20] [21] . Tuerke et al. [22] showed that ondansetron injected directly into the posterior insula of rats led to a significant reduction in conditioned gaping -an analog of nausea-suggesting that the drug's anti-emetic effects could in principle be occurring through actions on higherorder areas involved in interoception [19, 21] . In addition to its potent anti-emetic effects, ondansetron has been used to decrease other sensory symptoms, including pruritus [23] and neuropathic pain [24] , suggesting a more general role for the drug in modulating signals from the body. In the field of psychiatry, ondansetron has been used with modest success in the treatment of OCD [25] [26] [27] , TD [28] , alcohol-dependence [29] , schizophrenia [30] , and bulimia [31] .
To date, we are aware of only three imaging studies investigating ondansetron, two of which examined the effects of therapeutic doses (≥8 mg) on cerebral blood flow (CBF) in anxiety and cocainedependent patient populations, respectively [32, 33] . Myrick et al. [34] used fMRI to examine the effects of very-low-dose ondansetron (0.5 mg) in alcohol-dependent patients using a region-of-interest approach focusing on ventral striatum. Despite the importance of these initial studies, the findings generally showed inconsistent effects of ondansetron on brain function and, with the exception of Adinoff et al. [32] , none of these studies examined the effects of ondansetron on healthy individuals, which is critical to obtain an initial measure of the neurobiological effects of the drug in the absence of disorder-related confounds. In order to determine the effects of ondansetron on interoceptive circuit activation in healthy individuals, we conducted a double-blind placebo-controlled single-dose challenge study where three different groups of healthy controls received therapeutic doses of ondansetron (8, 16 , or 24 mg) and placebo on two different days. Brain function during performance of an fMRI designed to elicit activation of interoceptive circuitry was measured on both days. Based on the clinical and preclinical research (described above) indicating that ondansetron reduces the intensity of certain somatosensory and viscerosensory experiences, we predicted that it would reduce activation in interoceptive circuit regions in a dose-dependent manner (with higher doses reducing activity more than lower doses).
MATERIALS AND METHODS
Subjects and procedure Fifty-eight healthy volunteers passed medical screening and were recruited into the study over 30 months between September of 2014 and February 2017 (Fig. 1 ). Participants were recruited using advertisements posted on the Internet and around the Mount Sinai campus in New York City, and all participants provided written informed consent before completing any study procedures. None of them had current or previous Axis I diagnoses, as confirmed with the Mini International Neuropsychiatric Interview (M.I.N.I. [35] ), and none of them were taking psychoactive medications. Five subjects were excluded from the final data set due to excessive movement in the scanner (n = 3) or failing to complete both sessions (n = 2). All of the remaining 53 subjects received ondansetron (8, 16 , or 24 mg) and placebo during different sessions~5-10 days apart. Assignment to dose group (8, 16 , or 24 mg) and order of placebo vs. ondansetron (first vs. second session) was randomized, with 18 subjects in each of the 8-mg and 24-mg groups and 17 subjects in the 16-mg group. Sample size was determined from pilot data comparing 16 mg of ondansetron to placebo on activation in insula and somatosensory cortex using the same fMRI task, where large effect sizes (Cohen's d > 1) indicated that we would have >95% power to detect differences between active and placebo for the mid-dose group with the current sample size. The three dose groups did not differ in age (8 mg = 32.0 years [mean] ± 11.1 [standard deviation], 16 mg = 28.6 ± 7.6, and 24 mg = 32.7 ± 11.3) or years of education (8 mg = 16.1 ± 2.4; 16 mg = 16.5 ± 2.6; 24 mg = 16.4 ± 2.9). Across the final sample, there were 25 females and 28 males. Despite using random assignment to group, there was a significant difference in the proportion of females to males based on dose group (chi-square (2) = 9.1, p = 0.01), with 38.9% and 27.8% females in the 8-mg and 24-mg groups, respectively, but 76.5% females in the 16-mg group. In order to ensure any differences between dose groups were not related to this imbalance, all significant effects were followed up with post hoc analyses statistically adjusting for sex.
Placebo was matched physically to ondansetron and dose group and ordering of session was blinded to both the participant and the experimenter. Participants took the dose (ondansetron, OND, or placebo, PL) in front of the experimenter 90 min before MRI scanning to coincide with peak effects [15] . Preparation of drug, randomization, and assignment of subjects to a group was accomplished by the Mount Sinai Research Pharmacy. Due to an administrative error made by the pharmacy, the order of placebo vs. ondansetron sessions was counterbalanced across the entire sample but not within each dose group. Specifically, for the 8-mg group, 5 subjects received placebo first and 13 received ondansetron first; for the 16-mg group, 7 subjects received placebo first and 10 received ondansetron first; and for the 24-mg group, 13 subjects received placebo first and 5 received ondansetron first. In order to ensure any differences between dose groups were not due to ordering effects, all significant effects were followed up with post hoc analyses statistically adjusting for order.
Following MRI scanning on both days, subjects completed the patient-rated inventory of side effects (PRISE [36] ), which is a selfreport questionnaire that assesses the presence of various physical and mental symptoms (see Supplemental Materials and Methods and Table S1 for details). The study has been registered on clinicialtrials.gov (NCT02460341) and was approved by Mount Sinai Institutional Review Board.
Body-focused videos (BFV) task Subjects performed an fMRI task designed to elicit activation in brain regions involved in interoception and sensorimotor processing. In the task, subjects viewed videos depicting body movements/ sensation (body-focused videos) and control videos in 15-s blocks. Previous work using similar tasks has shown that observing body touch and sensation (i.e., by viewing a video showing a brush stroking a hand) elicits activation in insula and sensorimotor regions similar to actually experiencing sensation, effects that have been attributed to a sensory "mirror neuron" system [37] [38] [39] [40] [41] . In contrast to tasks that engage interoceptive circuitry by asking subjects to attend to their body sensations, this approach allows for greater experimental control and does not depend as heavily on subject compliance. Three different body-focused videos depicted different scenarios: a brush stroking the underside of a hand ( Fig. 2 ; see Supplemental Materials and Methods and Figure S1 for further rationale and description of task stimuli), a close-up of a throat while swallowing, and a medical illustration of a heart beating. The event depicted in each scenario repeated several times, with the number of repetitions varying between presentations (e.g., separate videos depict a brush stroking a hand 3, 4, or 5 times). Each body-focused video had an associated control video showing repeating non-bodyrelated events: the tip of a brush moving across a table (Fig. 2) , a ball sliding through a tube, and a colored rectangle increasing and decreasing in height. As has been done in prior tasks using a similar approach [38] [39] [40] [41] , subjects were not explicitly instructed to attend (or not attend) to their own internal sensation when watching the videos, consistent with the idea that "mirror" activity is elicited automatically [38, 42, 43] . Instead, subjects were simply asked to count the number of repetitions, which they reported using a 5-point scale (3.5 s) in order to ensure that attention was focused on the videos throughout the task. After watching each video, a jittered inter-trial interval (ITI) consisting of a fixation cross was then displayed for 2-6 s, after which a new video began. In total, each of the six videos (three body-focused and three control) were presented nine times (for each video there were three different numbers of repetitions, with each repetition presented three times each) for a total of 54 blocks comprised of 27 body-focused and 27 control videos.
Neuroimaging data acquisition and preprocessing MRI scanning occurred on a Siemens 3T Skyra scanner. Functional BOLD data were acquired using a high-resolution multibandaccelerated echo-planar sequence for full brain coverage (TR = 1000 ms, TE = 35 ms, flip angle = 60°, FOV = 228 mm, 70 slices, 2.1-mm thickness, and acceleration factor = 7). A high-resolution T1-MPRAGE structural image was acquired for co-registration (TR = 2400 ms; TE = 2.06 ms; flip angle = 8°; FOV = 256 mm, 0.8-mm thickness). Preprocessing was performed using Statistical Parametric Mapping (SPM) v.12 and scripts taken from the Human Connectome Project (HCP) preprocessing pipeline [44] . The following preprocessing steps were conducted: gradient non-linearity distortion correction (HCP), realignment of functional images (SPM), fieldmap distortion correction (HCP), co-registration of functional images to a structural image, normalization to the MNI template, and spatial smoothing with a 6-mm kernel (SPM).
Data analysis Behavioral measures. All side effects endorsed for OND and PL sessions (collapsed across dose group) are shown in Table 1 . Analyses of side effects and behavioral responses during the task (ratings of the number of event repetitions) are reported in the Supplemental Materials and Methods.
Neuroimaging measures. A general linear model (SPM v.12) was used to specify regressors for all body-focused and control videos separately with duration set to block length (15 s). A regressor for the rating period was included to capture variance, with duration set equal to response time. Six motion parameters were also included to reduce error variance associated with residual movement following realignment. Scans showing movement spikes over 3-mm translation or 2°rotation were excluded and interpolated using ArtRepair [45] . At the individual subject level, four primary contrasts focused on the comparison of OND vs. PL for body-focused videos (compared to an implicit baseline consisting of ITI data points), control videos (compared to an implicit baseline), and their direct comparison (body-focused > control videos; control > body-focused videos). Group analyses investigated dose-related effects of ondansetron using multiple regressions with dosage (8, 16 , or 24 mg) as a predictor of the difference in brain activation between OND and PL sessions for each of the primary contrasts. Unless otherwise specified, correction for multiple comparisons utilized permutation testing, as suggested by Eklund et al. [46] and Cox et al. [47] , with a whole-brain-corrected family-wise error rate of p < 0.05 using threshold-free cluster enhancement [48] as implemented by palm software [49] .
RESULTS

Effects of task conditions during placebo
There was broad activation in the insula, sensorimotor regions (precentral and postcentral gyri, supplementary motor area [SMA] , and paracentral lobule), occipital cortex, and posterior superior temporal cortex for both body-focused and control videos when compared to an implicit baseline ( Fig. 3 ; see Supplemental Materials and Methods and Figure S2 for activations for each video separately). Body-focused videos additionally elicited activation in bilateral superior and inferior parietal lobule/posterior postcentral gyrus, hippocampus, thalamus, orbitofrontal cortex, and left middle frontal gyrus. In the direct contrast between video types, body-focused videos showed significantly more activation in the insula, superior and inferior parietal lobule/posterior postcentral gyrus, thalamus, SMA, prefrontal cortex (including large regions of dorsolateral, inferior frontal, and orbitofrontal cortex), and lateral occipital cortex. Control videos showed more activation than body-focused videos in medial occipital cortex.
Dose-related effects of ondansetron on task activation Contrary to expectations, there was not a significant relationship between dosage of ondansetron and differences in activation between OND and PL when subjects viewed the body-focused videos. For control videos, however, increasing dosage was associated with greater reduction in activation for OND compared to PL in bilateral middle and posterior insula, somatosensory cortex (postcentral gyrus), precentral gyrus, anterior cingulate cortex (ACC) and supplementary motor area (SMA), superior temporal gyrus, and left middle frontal gyrus (Table 2 and Fig. 4) . Each of these clusters with the exception of the middle frontal gyrus cluster overlapped at least partially with areas that were significantly activated for the control videos vs. baseline comparison shown in Fig. 3 (bottom panel) . Dose-related effects remained significant in post hoc ANOVAs adjusting for effects of order and sex (8.8 > F > 3.7, 0.0008 < p < 0.04) for all regions except the middle frontal region, where the effect of dose on the difference between OND and PL was no longer significant in the adjusted model (F 2,41 = 2.2, p = 0.124). Extracted parameter estimates revealed that these effects were driven by a somewhat large decrease in activation for OND compared to PL for the 24-mg group, a smaller decrease for OND compared to PL for the 16-mg group, and an increase for OND compared to PL for the 8-mg group (Fig. 4) . Statistical comparisons within each dose group (adjusting for effects of order and sex) revealed that there was significantly less activation for OND compared to PL for all clusters in the 24-mg group (F 1,14 ≥ 7.3, p = < 0.02) except for the middle frontal region, which showed a trend-level effect (F 1,14 = 2.9, p = 0.11) (Fig. 4) . By contrast, for the 16-mg group, only the left insula cluster showed less activation for OND than PL at trend level (F 1,13 = 3.2, p = 0.097). For the 8-mg group, none of the clusters showed differences between OND and PL at p < 0.10.
In the direct comparison of dose-related effects between bodyfocused and control videos, there were no significant differences between the two video types, which was surprising given that significant dose-related effects were found for control but not bodyfocused videos. In order to further understand this finding, we examined whole-brain activations during body-focused videos at an uncorrected threshold (p < 0.01 using permutation testing), which did reveal an association between increasing dosage and greater reductions for OND compared to PL in some of the same areas as those found for control videos, including left mid insula, postcentral gyrus, and precentral gyrus. These data indicate that body-focused videos condition showed similar-but much weaker-effects as Other (need to urinate) 0 0 1 2 Analysis of side effects included all subjects with useable fMRI data (n = 53) as well as the three subjects who completed both ondansetron and placebo sessions but whose data were excluded due to in-scanner motion. There were no differences in the percentages of subjects endorsing side effects except for "ringing in the ears" (see Supplemental Materials and Methods for further details and comparisons within each dose group)
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control videos, which may explain why the direct comparison of effects between the two video types did not yield significant differences at whole-brain-corrected thresholds. When comparing whole-brain effects between the video types using an uncorrected threshold (p < 0.001 using permutation testing), increasing ondansetron dosage was associated with greater reduction of activity for control than body-focused videos in left mid/posterior insula (x = −40, y = −12, z = 6, and k = 14, uncorrected p = 0.0002), SMA (x = −10, y = −2, z = 54, and k = 5, uncorrected p = 0.0003), and right precentral gyrus (x = 22, y = −18, z = 58, and k = 16, uncorrected p = 0.0006).
Follow-up denoised analysis
Because ondansetron can affect the physiology of the heart [15, 50, 51] , which in turn could impact BOLD signal [52, 53], we repeated first-level analysis with the inclusion of six physiological noise regressors derived from within-subjects principal component analyses (PCA) of white matter (WM) and cerebral spinal fluid (CSF) signal using the CompCor method [52] as implemented in the "Conn" tool [54] , see Supplemental Materials and Methods for details. The use of principal components nuisance regressors to reduce the effects of physiological noise on gray matter BOLD signal is a well-validated noise correction approach that is widely implemented in resting-state analyses [52, 53, 55] . The results revealed significant associations between increasing dosage and greater reductions for OND compared to PL in those regions identified from the main analysis (Table 2) after including noise components in the model (see Table S2 ), indicating that the effects were not likely due to physiological noise.
DISCUSSION
The measurement of the effects of an intervention on neural targets (i.e. target engagement) is a backbone of the experimental medicine approach in psychiatry, which aims to develop novel treatments by aligning the mechanisms of an intervention with that of disease [56] . The present study used an experimental medicine approach to test the effects of three doses of ondansetron on the activation of neural targets involved in interoception and sensorimotor processing. Broadly speaking, the results confirmed our hypothesis, revealing dose-related decreases in a network involving insula, somatosensory cortex, premotor areas, ACC, and temporal cortex that were driven by significant reductions for ondansetron compared to placebo for the highest dose (24 mg). These findings were independent of session order and sex effects; however, they were only significant during control videos and not body-focused videos. Furthermore, side effects were minimal and the majority were not different between placebo and ondansetron sessions. By determining the effects of different doses of ondansetron on neural circuit functioning, the present study has the potential to advance treatments for patient populations exhibiting abnormalities in brain regions that are modulated by the drug. The fact that significant dose-related effects were limited to the control videos condition was unanticipated. Indeed, one might expect that effects would be found either for both video types or only for body-focused videos, when the target circuit was more actively engaged. When interrogating activity during the bodyfocused videos, we did find similar reductions related to increasing dosages of OND in some of the same areas (insula, postcentral gyrus, and precentral gyrus), but these were sufficiently weak as not to survive correction for multiple comparisons. It is unclear why the effects of ondansetron on brain function were so much stronger for control videos, although one possible explanation has to do with between-subject variability in the neural response to body-focused videos. In particular, the standard errors of the parameter estimates derived from multiple regressions examining the dose-related effect were greater for body-focused than control videos, as were the standard errors of the estimates describing the differences between the bodyfocused videos and implicit baseline for both placebo and ondansetron sessions. It is possible that there was individual variation in the degree to which the body-focused videos activated the "mirror neuron" system, which may have reduced power to detect an effect of ondansetron during these videos. Unfortunately, because we did not ask subjects to rate in the scanner how much each body-focused video drew attention to their own sensations and/or elicited a vicarious sensory response (which is thought to reflect the degree of activation of the mirror neuron sensory system, see refs. [37, 39] ), our study cannot directly determine the reason for this greater variability during body-focused videos. Future work obtaining ratings and/or utilizing personalized videos could help quantify and limit interindividual variability and potentially increase power to detect the effects of ondansetron. It is also possible that physiological effects of ondansetron or other unknown drug-related factors served to increase standard errors and reduce our ability to detect effects in the body-focused videos condition. Regardless of the reason for the more prominent effects of ondansetron in the control videos condition, these data suggest that the ability of the drug to reduce interoceptive and sensorimotor activity does not require conscious or active engagement of the circuit.
We were also surprised to find nonsignificant effects of 8 mg of ondansetron, especially given that similar or even lower dosages show clinical efficacy in the treatment of nausea as well in several psychiatric and neurological conditions [15, 23, [25] [26] [27] 29] . It is possible that even though 8 mg of ondansetron shows some clinical effects, the mechanism of action for this lower dose may not be occurring at the level of the cortex. Ondansetron is highly permeable to the blood-brain barrier (BBB), but is transported back out of the brain via the transmembrane protein "Pglycoprotein" and thus is measured in the brain at lower concentrations than in plasma [57, 58] . One CNS structure not influenced by the efflux transportation of ondansetron is the area postrema, which is a circumventricular organ located outside of the BBB at the caudal edge of the medulla by the fourth ventricle [59] . This region detects circulating molecules and has bidirectional connections with brainstem structures (NTS, parabrachial nucleus) involved in interoception and somatosensory processing [19, 21, 59, 60] ; owing to its high concentration of 5-HT3 receptors, area postrema is thought to be involved in ondansetron's antinausea effects [59] . It is thus possible that lower doses of ondansetron work through actions on area postrema (or non-CNS systems outside of the BBB), and that higher doses (such as the 24-mg dose used in this study) are necessary to sufficiently penetrate the rest of the brain. Interestingly, Tuerke et al. [22] showed that intracranial administration of ondansetron into the posterior insula of the rat results in an anti-nausea-like response, indicating that the drug's clinical effects (at least with regard to nausea) do not require direct action on area postrema but instead may be achieved through actions at multiple access points along the interoceptive circuit. Given that the present study administered the drug systemically, it cannot be determined whether the modulation of insula and sensorimotor regions was due to direct actions on neurons in these regions or on subcortical areas that project to these regions. Ultimately, regardless of the location of ondansetron's initial action (and it is possible that it acts at multiple locations simultaneously), the present findings highlight the drug's utility for modulating the functioning of the identified circuitry.
The present work's findings are broadly consistent with a prior CBF study showing decreased blood flow in temporal and parietal cortex with a single (average) 18.5-mg dose of IV ondansetron among patients with generalized anxiety disorder [33] . However, our high-dose group findings are in the opposite direction from those of Adinoff et al. [32] , who found increased CBF in the ACC with approximately 12 mg of IV ondansetron. Interestingly, our low-dose group also showed an increase in ACC activity with the 8-mg dose, but this finding did not survive adjustment for order and sex effects. Further work will be needed to determine whether lower-dose ondansetron has different or even opposite effects than higher-dose ondansetron on the activation of cortical regions.
Although prior studies have found that ondansetron was an effective treatment for several conditions, including pruritus [23] , neuropathic pain [24] , OCD [25] [26] [27] , TD [28] , alcohol-dependence [29] , schizophrenia [30] , and bulimia [31] , other research has been more conflicting with regard to ondansetron's effectiveness, particularly for the treatment of anxiety [33, [61] [62] [63] . Indeed, ondansetron pretreatment has been found to accentuate physical symptoms and (nonsignificantly) increase anxiety in response to the anxiogenic drug pentagastrin in patients with panic disorder and social phobia [64] . Given these contradictory findings, the clinical implications of the present results obtained in a healthy control sample should be interpreted with caution, and future work will be needed to confirm or disconfirm ondansetron's clinical utility.
There are several limitations to this study that should be the focus of future work. We used a single-dose challenge approach and did not test the repeated effects of ondansetron on the brain or behavior. It is possible that repeated use of the drug may show different effects than single doses, and future work is aimed at Table 2 and shown in the top row. Bottom row: Extracted parameter estimates for placebo and ondansetron (each compared to implicit baseline) for the 24-mg group for the regions listed in Table 2 testing an extended dosing regimen to address this question. Furthermore, although we focused on dosages within the therapeutic range for treating nausea, lower doses have shown some efficacy in the treatment of both neurological and psychiatric disorders and our study cannot determine whether very low doses engage different neurocircuit mechanisms. Although the dose-related effect survived post hoc correction for physiological noise, it is a limitation that we do not have physiological data acquired during the task, which would have allowed us to directly examine the effects of ondansetron on physiology and relationships with brain activity. In addition, we cannot rule out the possibility that ondansetron impacted other physiological processes for which we did not correct, such as effects on vasodilation and blood pressure. Although we used a body-focused video task as a method for eliciting activity in our circuit of interest, other investigations of interoceptive circuitry have used different approaches that also successfully evoke this activity [2, 4, 5, 65, 66] and which could be used in future research. Furthermore, although this study uses a hypothesis-driven taskbased approach as a first step toward characterizing the relationship between ondansetron dosage and brain function, it will be critically important for future work to interrogate effects on "resting" or baseline brain activity using non-BOLD methods such as arterial spin labeling or positron emission tomography in order to extend the applicability of these findings. Additionally, our acquisition sequence was not optimized for brainstem imaging, and the low signal in medullary areas containing an abundance of 5-HT3 receptors limited our ability to examine the effects of ondansetron on these regions. Future work designed for brainstem and small structure imaging using higher fieldstrength magnets or specially designed sequences would complement the current findings to present a full picture of the effects of ondansetron on brain functioning.
Despite these limitations, we have found significant effects of high-dose ondansetron on activation in several areas, including insula, sensorimotor cortex, anterior cingulate, and temporal cortex, suggesting that this agent could be used to target brain functioning in patient populations showing an abnormality of these regions. It also raises the possibility that prior studies that found no effects (i.e., in OCD [67] ) or mixed effects (in alcohol-dependence [29] ) using very-low-dose ondansetron (<3 mg) may wish to revisit the issue using higher doses that engage the interoceptive circuit and/or specifically measure the effects on symptoms potentially related to interoceptive processes (e.g., sensory phenomena in OCD, see ref. [7] ; craving in addiction, see ref. [68] ). Future work testing the effects of repeated dosing of high-dose ondansetron on brain function and interoception and body-related symptoms in patients will be needed. Data are whole-brain corrected at a family-wise error rate of p < 0.05 using threshold-free cluster enhancement and nonparametric permutation analysis. Positive correlation coefficients reflect greater reductions (i.e., decreased activity) for OND (compared to PL) as dosage increases BA Brodmann's areas, k cluster extent, pcorr whole-brain-corrected p value, R right, L left, B bilateral, r Pearson's correlation coefficient with 95% confidence interval bounds, coordinates are in MNI space
